Abstract. The Coastal Aerosol Transport (CAT) model was developed to study the evolution of aerosol particle size distributions and composition in the coastal environment. The model simulates such processes as particle production at the sea surface, mixing of particles through the boundary layer by turbulent diffusion, gravitational settling, and dry deposition. The model is initialized at the shoreline with continental and/or surf aerosol. An empirical source function was developed which better accounts for the production of submicron particles than current formulations. Continental and sea spray particles are treated separately to account for effects of processes depending on chemical composition. CAT has been tested by comparison with independent data sets as regards the prediction of particle size distributions, the wind speed dependence of sea-salt aerosol mass concentrations, and the evolution of sea spray aerosol plumes generated over the surf zone. The model was applied to study effects of sea spray aerosol produced in the surf zone on sea spray concentrations, the composition of continental/sea spray aerosol mixture, the uptake of nitric acid by sea spray aerosol, and the effect of the latter process on nitric acid profiles. The results lead to the conclusion that surf-produced aerosol cannot be neglected in studies of processes involving sea spray aerosol in the coastal atmospheric boundary layer.
Introduction
The coastal environment is a special case as regards aerosol properties. At the land-sea transition, aerosol sources and sinks change abruptly, in addition to the sudden change in the surface properties, and thus in turbulent mixing and aerosol transport. Sea spray aerosol is produced only at the sea surface, while the primary production of rural, and most of the anthropogenic, aerosol, takes place over land. On either side of the coastline, these two types of aerosols are mixed and supplemented by secondary production. However, the surf zone can also be an intensive source of sea spray aerosol [De Leeuw et al., 2000a] or formation of new particles at low tide [e.g., O'Dowd et al., 1999] . In addition, also sources for aerosol precursors and other gaseous species that may influence the aerosol composition usually change abruptly at the land-sea boundary. Consequently, at either side of the shoreline the aerosol composition will change due to exposure to different sources, the gradual removal of aerosols from sources that abruptly cease to exist, and the injection of a relatively large amount of sea spray over the surf zone.
In the case of an offshore wind, for instance, the very local surf source at the coast line changes the aerosol composition in the lower layers near the surface instantaneously from a continental aerosol to a mixture of continental and surf-generated sea spray aerosol. The relative contribution of both aerosol types depends on the concentrations advected from land and on the source strength and dispersion of the surf-produced aerosol. This mixture is gradually removed due to deposition and other processes. Since the removal processes are sizedependent [e.g., Slinn and Slinn, 1980] , not only the concentrations will change but also the size distributions. At the same time, at wind speeds exceeding 3-4 m s Ϫ1 , sea spray is produced in response to wave breaking (and thus the developing wave field [e.g., Monahan and O'Muircheartaigh, 1986] ) and dispersed into the boundary layer. This mechanism compensates, at least in part, for the loss of surf-produced sea spray particles.
Also, as regards the effects of aerosols, the coastal environment has its own specific problems. The mixing of continental and marine aerosol, evolving with fetch, is an important factor for the assessment of observation systems using visible or IR detection [e.g., Fairall et al., 1984; Gathman, 1989] . Their performance depends on the transmission of the electromagnetic radiation in the atmosphere, which, in turn, is reduced due to extinction by aerosols in the propagation path. Another important application is the effect of sea spray aerosol on coastal ecosystems. In onshore winds, large amounts of sea spray aerosol are advected across the coastline and are deposited close to the coast, where they strongly affect the soil composition and thus maintain the delicate balance that favors the specific coastal vegetation [Vertegaal, 1998] . A recent study indicates the large impact of surf-generated aerosols, in comparison with sea-salt aerosol advected from the open sea [De Leeuw and Moerman, 1999] . However, also further inland the effects of sea spray cannot be totally ignored, e.g., because of the impact of sea-salt aerosols on corrosion of materials such as buildings and monuments. In offshore winds the surf-produced aerosol offers a large surface area for heterogeneous reactions, such as the uptake of nitric acid (HNO 3 ) by sea spray.
Various models were developed to study the evolution of aerosol size distributions in the marine boundary layer; see Gong et al. [1997] for an overview. The model of Gong et al. [1997] describes the relevant processes of surface generation of sea spray, vertical transport by diffusion and convection, gravitational settling, dry deposition, and wet removal processes by both in-cloud and below-cloud scavenging. In addition to these processes, the Fitzgerald et al. [1998a] model describes aerosol containing sea salt, insoluble continental and sulphuric acidwater particles. Nucleation, coagulation, condensation, incloud SO 2 oxidation, and exchange with the free troposphere are included, as well as gases participating in the sulphur cycle, such as DMS, SO 2 , and H 2 SO 4 . An important aspect of this model is the capability to simulate the transport of aerosols in an atmosphere with relative humidity gradients without numerical diffusion. The influence of sources and sinks of sea spray and H 2 SO 4 /H 2 O particles in the marine boundary layer (MBL) has been studied by Katoshevski et al. [1999] using a box model.
The coastal aerosol transport (CAT) model, presented in this contribution, was developed to evaluate the importance of sea spray production in the surf zone [Vignati et al., 1998; Vignati, 1999] . A simple approach was chosen to evaluate the effects of the surf-produced particles on the physical and chemical properties of coastal aerosols.
Coastal Aerosol Transport Model (CAT)
CAT is a one-dimensional sectional model that describes the evolution of particle size distributions and aerosol chemical composition in the coastal atmosphere. Only clear sky conditions are treated in the present study and thus such processes as in-cloud transformation and wet deposition are not included in CAT. For the short timescales and aerosol concentrations considered in the present applications, coagulation has no significant influence on the evolution of the particle size distributions. Likewise, effects of entrainment, i.e., exchange of aerosols or gases across the top of the boundary layer, are not accounted for because only at longer timescales do coagulation and exchange with the free troposphere become important [Fitzgerald et al., 1998a] .
CAT is initialized at the coastline with a continental particle size distribution, to which the surf aerosol is added. The relevant processes are described in terms of the particle dry radius, to avoid numerical problems due to growth effects in an environment with humidity gradients [Fitzgerald et al., 1998a] .
Governing Equation
The general dynamics equation which governs the evolution of the aerosol size distribution n(r) (r is particle radius; in the equations below n(r) is simply written as n) can be written as [see, e.g., Friedlander, 1977] Ѩn Ѩt
where v fluid velocity; K eddy diffusivity coefficient; v g particle gravitational settling velocity; z height above the surface.
The terms ٌ ⅐ (vn) and ٌ ⅐ (K ٌn) represent advection and turbulent diffusion. In CAT the advection term is set to zero, and the diffusion term in (1) describes only vertical turbulent mixing. The term (Ѩn/Ѩt) cond/evap describes the rate of change of the aerosol size distribution due to condensation or evaporation, (Ѩn/Ѩt) coag accounts for coagulation, (Ѩn/Ѩt) source/sink is the rate of change due to nucleation, emission, and removal, and Ѩ/Ѩ z(v g n) describes gravitational settling. CAT accounts for the dependence of aerosol processes on meteorological parameters such as wind speed, relative humidity, air temperature or micrometeorological parameters, the values of which can be obtained from measurements or meteorological models. In the simulations presented in this paper, their values are fixed, i.e., horizontal gradients are zero. Vertical profiles of relative humidity and temperature were parameterized [Vignati, 1999] , and for wind speed vertical variations were neglected.
Nucleation and coagulation are not accounted for in CAT. Nucleation is mainly important in very clean environments. In polluted areas the available aerosol surface promotes condensation, thus leaving little material for nucleation. The continuity equation (1) is solved numerically, as described and tested for aerosol processes by Vignati [1999] .
Description of Aerosol Properties
The aerosol is described as an external mixture of continental and sea spray particles. Each component is characterized by a discrete size distribution with 26 classes ranging from 0.04 to 12.59 m dry radius. The geometrical mean radius of each class is given by r I ϭ 0.001 ϫ 10 (Iϩ15)/10) , I ϭ 1 Ϫ 26. The choice of the extremes of the interval is determined by the selection of the parameterizations for the thermodynamic parameters used in the model and covers the range of aerosol sizes important in the coastal zone.
The sea spray aerosol, represented in the model by sodium chloride, is composed of particles that are produced both from waves breaking in the surf zone, and from waves breaking on the open sea. The continental component, consisting of a variety of chemical constituents, is represented by ammonium sulphate ((NH 4 ) 2 SO 4 ). The continental and marine components are treated separately, to account for the differences in thermodynamic and microphysical properties of sea salt and ammonium sulphate (see section 3.5), and their consequences for the various processes.
The aerosol is distributed over an air column divided into 10 vertical layers. In each layer the particle concentration is homogeneous. The layer thicknesses increase logarithmically with height to allow for a finer resolution close to the ground where the surface has a relatively large effect on the particle populations and the vertical gradient is largest. The column is advected along a horizontal path, with the speed of the wind. The time evolution of the particle concentrations N type,I in class I (type equal to 1 for continental particles and type equal to 2 for sea spray) in the generic layer L is described by the discretized form of equation (1). Equation (1) is written as a function of the dry particle radius. However, the effects of processes that depend on particle radius are calculated with the wet sizes, i.e., for the particles in equilibrium with ambient relative humidity.
Description of Processes Included in CAT

Sea Spray Production by Breaking Wind Waves
Sea spray aerosol is produced as film and jet droplets when bubbles, entrained in the water by breaking waves, disrupt the sea surface [e.g., Blanchard, 1983] , and at wind speeds exceeding about 9 m s Ϫ1 , by direct disruption of the wave tops (spume droplets) [Monahan et al., 1983] . The surface flux of sea spray aerosol, i.e., the number of droplets produced per unit surface area and per unit of time is described by the source function. Andreas [1998] presented an overview of various source functions. The two most commonly used source functions were derived by (hereinafter referred to as M86) and by Smith et al. [1993] (referred to as S93).
The M86 source function is based on laboratory measurements of the amount of sea-salt droplets produced from an artificially generated breaking wave, expressed as the droplet flux per unit whitecap, and field observations of whitecap cover as a function of wind speed:
where U 10 is the wind speed in m s Ϫ1 at a height of 10 m, B ϭ (0.380 Ϫ log r)/0.650, and dF/dr is given in m Ϫ2 m Ϫ1 s
Ϫ1
. A second mode was added to describe the spume droplet flux. However, application of the latter in models describing effects of sea spray aerosols does not give realistic results [e.g., Burk, 1984; Stramska, 1987; Andreas, 1990a; Smith et al., 1990] . M86 (p. 173) explicitly mention that "the short-comings of their equation as a description of the spume droplet production term are such that its use is not recommended." Therefore the spume droplet contribution as described by M86 is not considered in this work.
S93 derived a sea spray source function from field measurements, using a budget method that considers the atmospheric concentrations as the result of the balance between surface production and removal. This aerosol source function contains contributions from both bubble-mediated droplet production and spume droplets:
where f I and r 0I are constants ( f 1 ϭ 3.1, f 2 ϭ 3.3, r 01 ϭ 2.1 m, and r 02 ϭ 9.2 m), r 80 is the particle radius at 80% relative humidity, and the amplitudes A i are wind speed dependent coefficients given by
where U is the wind speed. These relations were obtained from aerosol particle size distributions and meteorological parameters measured at a height of 10 m above the beach, approximately 14 m above mean sea level. DF/dr 80 is given in m Ϫ2 m Ϫ1 s Ϫ1 , and U is given in m s
. Equation (3) is valid for actual radii of up to 20 m (at 80% relative humidity), corresponding to a dry radius of approximately 10 m.
The M86 and S93 source functions are shown in Figure 1 for a wind speed of 9 m s
. They are similar for particles with radii between 4 and 8 m. For larger particles, S93 provides higher fluxes; for smaller particles the curves diverge rapidly. Comparison with surf zone source functions indicates that M86 applies better for smaller particles, whereas S93 appears to better describe the larger particles [De Leeuw et al., 2000a] , which supports arguments presented by Andreas [1998] concerning the application of M86 and S93. However, comparison with experimental data will show (see below) that simulations using M86 overestimate the concentrations of the smallest particles.
Therefore a practical solution has been sought in the form of an effective source function based on data presented by O' Dowd et al. [1997] (this source function is further referred to as OD97). These measurements were made on a ship on the North Atlantic, where coastal effects have no influence. CAT was used to iterate the source function until the data presented in OD97 were reasonably well reproduced. The resulting source function is a sum of three lognormal distributions with parameters given in Table 1 . Figure 1 shows that OD97 is in good agreement with M86 for particles with radii larger than 0.1-0.2 m, and with S93 for particles larger than about 10 m. OD97 applies to a relative humidity of 80%, and for the wind speeds for which data are available (6 -17 m s Ϫ1 ). In the applications of CAT presented in section 5, the OD97 source function is used. 
Turbulent Mixing
Vertical transport of aerosol particles due to turbulence is parameterized by an eddy diffusivity formulation. The rate of change of the particle number concentration is given by
The diffusivity coefficient K z is assumed to vary with height in the surface layer according to [cf. Stull, 1988 ]
where is the von Karman constant ( ϭ 0.4), u‫ء‬ is the friction velocity, and ( z/L) is a stability correction given by
Above the surface layer the diffusivity coefficient is assumed to be constant throughout the boundary layer, and in the top layer it decreases to zero [cf. Seinfeld and Pandis, 1998 ]. The height of the surface layer was set to 50 m. The height of the boundary layer was in the presented simulations set to either 260 or 1000 m, but observed values can be substituted for actual conditions. The surface layer expression for the diffusivity coefficient (equation (6)) derives from Monin-Obhukov similarity theory which does not strictly apply in the coastal zone because the sudden land-sea transition leads to a nonequilibrium situation which violates the basic assumptions. However, observations of temperature and humidity profiles at the North Sea near the coast, in offshore wind with often very stable thermal stratification, compare quite well with model predictions based on Monin-Obhukov similarity theory [De Leeuw and Neele, 1994] . Similarly, observations of optical turbulence over coastal waters show discrepancies with theoretical predictions, particularly in stable conditions, but in other conditions the predictions are quite reasonable [Frederickson et al., 2001] . These observations justify the use of equation (7), although the results must be critically interpreted. To the best of our knowledge, no other formulations than those based on MoninObhukov similarity theory are presently available.
Gravitational Settling
Owing to gravitation, a spherical particle with density p and radius r falls with a characteristic velocity, the settling velocity v g , given by
where g is the gravitational constant, is the dynamic viscosity of air, and C c is the Cunningham coefficient given by
where is the mean free path. Equation (9) shows that the settling velocity is a nonlinear function of particle size.
Dry Deposition
Dry deposition is usually described as the results of three processes [e.g., Slinn and Slinn, 1980] , i.e., transport in the surface layer, transport in the very thin quasi-laminar layer adjacent to the surface, and the actual uptake by the surface. Surface layer transport is described by aerodynamic processes due to turbulence and gravitational settling. In the quasilaminar layer, no turbulence occurs, and the air is stagnant. Thus transport takes place by Brownian motion and gravitational settling.
The deposition velocity over water is commonly parameterized using an application of the resistance method to a twolayer model proposed by Slinn and Slinn [1980] :
where the first and the second term of the left-hand side of the equation are the resistances in the constant flux layer and in the deposition layer, respectively, with
where C D is the drag coefficient, is von Karman's constant, U is the wind speed, Sc is the Schmidt number defined as the ratio between the kinematic viscosity and the particle diffusivity, r d and r w are the dry and wet radii, respectively, St is the Stokes number:
and is the kinematic viscosity of air. Deposition velocities of submicrometer particles are determined by turbulence, which can easily keep them in suspension due to their small size. For particles larger than 10 m the gravitational effect is dominant, and the dependence of deposition velocity on wind speed vanishes. Because the actual particle size is determined by the chemical composition, the deposition velocity is different for the two populations that are considered in CAT.
Condensation and Evaporation
The equilibrium of a solution droplet with the ambient relative humidity (RH) is described by the Kelvin equation [Pruppacher and Klett, 1997] : a F(log r) ϭ N/ ͌ 2 log exp (Ϫ(log r Ϫ log R) 2 / 2 log 2 ), where r is the particle radius. The geometric mean radius R applies for RH equal to 80%; U is the wind speed in m s Ϫ1 .
where S saturation ratio, equal to RH/100; surface tension of the droplet; M w molecular weight of water; w density of water; a w water activity; T ambient temperature; R universal gas constant, equal to 0.08204 L atm K Ϫ1 mol Ϫ1 .
Water activity and surface tension depend on the particle chemical composition. In CAT the water activity for sodium chloride and ammonium sulphate as function of solute concentration are calculated using data from Low [1969] . The surface tension of an electrolyte solution is calculated using an empirical relation [Pruppacher and Klett, 1997] . The use of these data is described in detail by Vignati [1999] . Two opposing effects control the relationship between the particle size and the saturation ratio. The Kelvin effect, represented by the exponential term in equation (14), tends to increase the vapor pressure when the particle size decreases, while on the other hand the solute reduces the vapor pressure. The latter process is described by Raoult's law.
Equation (14) is used also to derive the source function F o of dry sea spray particles from the flux F of sea spray at 80% RH:
where r d is the dry radius. The relation between r 80 and r d can be derived from (14); for sodium chloride this results in
For practical applications, r 80 ϭ 2r d . It is noted that effects of other chemical components, and in particular organic material that is often present in sea spray, would change this result. The times required for particles of various sizes to reach thermodynamic equilibrium are presented by Andreas [1990b] . The equilibration time of sea spray particles, i.e., the time required to be in equilibrium with ambient relative humidity, is longer than for ammonium sulphate particles [Fitzgerald et al., 1998b] . The time step used in the model is chosen to ascertain that enough time is available to reach the equilibrium size of all particles in each layer. The characteristic time for a sea-salt particle emitted at the sea surface with an initial wet radius of 50 m to reach its equilibrium size at 97.5% relative humidity is 150 s. This upper limit implies that particles with a wet radius larger than 50 m cannot be included in the model. The corresponding dry particle radius is about 12.5 m, large enough to ensure that the majority of the particles of interest for processes involving sea spray aerosol are included. For RH Ͻ 97.5%, shorter time steps are used.
Model Performance: Comparisons With Experimental Data
CAT was tested by comparisons with experimental data. Comparisons were made for various fetches. Where a long fetch is indicated, the model was run for 300 km. Although strictly the assumptions may not apply for such long fetches (or long run times), these tests are mainly to check on the model performance as regards reproducing reasonable size distributions and their wind speed dependence, mainly for particles that are less dependent on processes not included in CAT.
Size Distributions
The first test was a comparison of size distributions calculated with the model at a long fetch, at wind speeds of 5 and 10 m s Ϫ1 , with measurements reported by Smith et al. [1993] . The measurements were made at the island of South Uist situated approximately 100 km off the northwest coast of the Scottish mainland, with optical particle counters mounted close to the high water mark at a height of 10 m above the beach, i.e., 14 m above the water surface. As described by Smith et Having established that the model runs well for particle size distributions measured in the same area as for which the S93 source function was developed, a second test was made using all three source functions to reproduce data presented by O' Dowd et al. [1997] . The results presented in Figure 3 show that the simulated particle size distributions at long fetch with each of the source functions compare favorably with the data from O' Dowd et al. [1997] at the large particle end. As expected, the S93 source function fails for particles smaller than 2-3 m, but the particle size distributions calculated using the M86 source function give excellent results down to about 0.2 m. Obviously, the OD97 source function reproduces the particle size distribution over the whole range down to 0.07 m.
Wind Speed Dependence
The next test concerns the variation of the aerosol mass concentration with wind speed. CAT was initialized with zero aerosol concentrations, and the only aerosol source was surface-generated sea spray. The concentrations were evaluated for various wind speeds, with neutral thermal stratification and well-mixed water vapor concentrations, over a long fetch. At the end of the runs the total sea spray aerosol mass was evaluated from the particle size distributions at a height of 10 m above the sea surface. The calculations were made using M86 and S93. Results are presented in Table 2 , where the coefficients are given for power law fits to the aerosol mass versus wind speed relations (ln c ϭ ln b ϩ a U). The results are compared with parameterizations published by Gong et al. [1997] , based on results from Exton et al. [1986] , derived from aerosol size distributions measured at the coast of the Hebrides (Scotland), and from Marks [1990] , measured on Meetpost Noordwijk, an offshore tower in the North Sea at 9 km from the Dutch coast. The wind speed dependence derived from the CAT calculations is in good agreement with the results from Exton et al. This similarity was to be expected because the source function of Smith et al. [1993] used in the model was derived from aerosol data collected at the same site, but from a different data set.
Aerosol Transport: Evolution of Surf Plume
A qualitative test of the model was obtained from a comparison with data from an experiment in Duck, North Carolina (United States), in February 1998. Horizontal and vertical profiles of aerosol backscatter coefficients over the surf and further out to 3 km offshore were measured with the LIDAR of the Naval Research Laboratory (NRL) in Washington, D. C. [Hooper et al., 1996] (see also http://wvms.nrl.navy.mil/7221/ vil.html). Data from a previous LIDAR experiment at this site [Hooper and Martin, 1999] compare favorably with the results from the EOPACE surf measurements on the California coast [De Leeuw et al., 2000a] shown in Figure 4 . Based on this similarity, the EOPACE data were used as input for CAT for an independent simulation to test the model versus the LIDAR measurements.
An example of a lidar scan of aerosol backscatter by plumes produced over the surf and transported out over the ocean by an offshore wind is shown in Figure 5a (W. A. Hooper, private communication, 1999) . The backscatter levels have been set such that signals from ambient aerosols are masked and only the surf-produced plumes are shown. The plumes grow with distance from the beach, to heights of about 100 m after 600 m, while the backscatter intensity decreases due to dilution of the aerosol concentrations by dispersion. Operation of the LIDAR in a different mode, allowing for visualization of the plumes over much larger distances, confirms that the plumes continue to grow with fetch. Figure 5a also shows backscatter from a height of about 200 m, suggesting that this is the cloud layer. Hence it is anticipated that the boundary layer height for this day was about 200 m.
A simulation was made with CAT, using the meteorological parameters measured during the experiment, for very short fetch to reproduce these data. Results are shown in Figure 5b , as a contour plot of the aerosol surface area (as a measure of the aerosol backscatter coefficient). The development of the aerosol plumes and the diminishing concentrations with increasing distance from the coast are similar to those measured with the LIDAR. The initial plume heights in Figure 5b are higher than in the LIDAR data. This is due to the initialization of CAT with the EOPACE data that were measured on the beach at an average distance of 75 m from the water line, where the plume heights were somewhat higher than immediately over the surf. The growth of about 40 m over a distance of 500 m observed with the LIDAR (Figure 5a ) is similar to that shown in Figure 5b for the 20 m 2 cm Ϫ3 contour line. Also, the variation of particle concentrations, at a certain height, with distance from the coastline is well reproduced by CAT.
The similarity between the aerosol plumes calculated with CAT and those observed with the NRL LIDAR in Duck suggests that CAT provides a reasonable description of the aerosol transported over a short distance by offshore winds. Qualitatively, both the vertical dispersion and the dilution with distance are well reproduced.
Applications
CAT was used to determine to what extent the effect of surf-produced sea spray must be taken into account for the description of various processes. The simulations were made for fetches up to 25 km, and for wind speeds up to 8 m s Ϫ1 , the highest wind speed for which surf data are available [De Leeuw et al., 2000a] . Studies were made of (1) the contribution of surf-produced sea spray aerosol to the total concentrations including surface production by breaking waves, (2) the mixing of sea spray aerosol and continental aerosol, and (3) the heterogeneous reaction between sea-salt aerosol and nitric acid and the evolution of aerosol and nitric acid profiles with fetch. In all cases, the sea spray population was initialized with the EOPACE experimental data for the size distributions and vertical profiles of surf-produced aerosol (see Figure 4) .
Horizontal Transport and Effect on Sea Spray Concentrations
The contribution of surf-produced aerosols to the sea spray size distributions in offshore winds was simulated for wind speeds of 1 and 8 m s Ϫ1 . Only surf-produced aerosol and production at the sea surface were considered. Continental backgrounds were set to zero. The computations were made for a column with a thickness of 260 m, which is representative for the marine boundary layer height off the California coast. Particle size distributions calculated for different fetches are presented in Figure 6 . Initially, the concentrations are decreasing fast for all sizes. For the smaller particles the concentrations at a fetch of 25 km are about 1 order of magnitude smaller than the original values. As can be seen from (10)- (12), the removal rate is wind speed dependent, with higher deposition velocities for larger wind speed.
The removal of particles larger than 1 m is partially balanced by surface production. At the lowest wind speed, obviously no primary production occurs. The effect of surface production at 8 m s Ϫ1 is clear from a comparison of Figures 6a and 6b. Where at the lower wind speed the concentrations of particles larger than 2-3 m decrease very rapidly, the primary production at the higher wind speed appears to sustain the concentrations at the largest fetches. This is further illustrated with the results presented in Figure  7 for 8 m s
Ϫ1
, where concentrations of particles in the layer centered around 12 m are plotted as a function of the distance from the coastline for two situations. One set of curves shows a simulation of the evolution of the concentrations of the surf-produced particles with fetch, in the absence of surface production. For the calculation of the other set of curves, the concentrations over the surf were set to zero, and the evolution of the sea spray concentrations due to primary production was calculated. Obviously, the concentrations of the surf-produced particles decrease with fetch, fastest for the largest particles due to removal by dry deposition. Also as expected, the concentrations of the surf-produced particles increase. However, the rate of increase is determined by the balance between production and removal, and is faster for the 0.5 m particles than for the larger ones. For the simulations presented in Figure 7 , with the EOPACE surf concentrations and the OD97 source function, this results in a situation where the surfproduced particles provide the largest contribution to the sea spray concentrations to fetches of more than 35 km. As suggested by the results in Figure 6b , two modes develop, roughly around 0.5 and 5 m, and for these modes the surface production becomes more important only at fetches of 45 and 38 km, respectively. For particles of 10 m radius this occurs at a fetch of 50 km. Even at this fetch, the concentrations are still increasing for all sizes.
Mixing of Continental and Sea Spray Aerosol
The mixing of continental and sea spray aerosol in offshore winds was studied for fetches up to 100 km, accounting for both surf and surface production of sea spray. The continental aerosol is initialized with a size distribution which represents the average of the size distributions obtained during the EOPACE experiments in La Jolla during offshore winds, and is modeled as the sum of three lognormal size distributions (see Figure 8) . It is assumed to be uniformly mixed throughout the boundary layer. The particle chemical composition at various fetches, i.e., the percentages of the total particle numbers consisting of either sea salt or ammonium sulphate is presented in Table 3 for particles with wet radii of 0.2, 2, and 20 m. The results apply to calculations at a height of 12 m.
As expected from the overwhelming amount of particles advected from land, as compared to both the surf production and the primary production at sea, the smallest particles (r ϭ 0.2 m) are mainly ammonium sulphate. Even at low levels over the surf zone, sea-salt particles contribute only 2%. Their contribution decreases rapidly due to redistribution of the particles over the column by diffusion.
Supermicron sea spray particles are produced over the surf zone in relatively much greater quantities, and hence their contribution to the total concentration is much more important. Over the surf the particles with a radius of 2 m consist of similar amounts of sea salt and continental aerosol. While advected over the sea, effective mixing takes place due to vertical transport, and the concentrations are also influenced by removal by dry deposition and production of sea spray. Thus, initially, the fraction of sea spray decreases due to dilution over the column and then increases again because of the primary production of sea salt and the removal of continental Comparison of the lognormal size distributions used in the calculations (line) with experimental data obtained during the EOPACE experiments in La Jolla (triangles and crosses). Two different particle size distributions are shown, with slightly different characteristics, which were both measured in an offshore wind, upwind from the surf zone, and are representative for the aerosol advected from land. aerosol that is not replaced from any sources. At 25 km the continental component contributes 80% to the total mass in the 2 m fraction. The extended simulation shows that at 100 km this contribution is reduced to 74%.
The largest particles (20 m) are dominated by sea salt at all fetches from the surf zone up to 100 km. This is explained by the very small initial contribution of continental aerosol to particles of this size, which are effectively removed by gravitational settling and dry deposition. Thus the continental particles disappear relatively fast, while sea spray is efficiently produced at the sea surface.
Interaction Between Nitric Acid and Sea Spray Particles Close to the Coast
Nitric acid (HNO 3 ) is produced from NO 2 , a gas phase product from combustion processes, at a rate of a few percent per hour. It reacts in the presence of ammonia to form nitrate in the aerosol phase. In the marine atmosphere, HNO 3 is removed by reaction with sea-salt aerosol:
HNO 3 ͑ g͒ ϩ NaCl͑s͒ 3 NaNO 3 ͑s͒ ϩ HCl͑ g͒. (17) Both HNO 3 ( g) and NaNO 3 (s) are deposited to the sea surface where they contribute to eutrophication. The Cl replacement reaction (17) is important because of the different deposition velocities for gaseous species and particulate matter. Hence also the fluxes of HNO 3 are influenced by reaction (17) [Geernaert et al., 1998 ]. The following simulation is focused on the effect of surf-produced particles on nitric acid profiles. Therefore the production of HNO 3 due to dissociation of ammonium nitrate is neglected.
The variation of HNO 3 profiles with fetch due to surfproduced particles was evaluated using CAT for a wind speed of 8 m s
Ϫ1
. In the calculations, only sea spray particles were considered and no continental aerosol. Both the sea-salt aerosol surface available for condensation of HNO 3 , and the very HNO 3 concentrations change with distance to the coast. Apart from the transformation of HNO 3 into the aerosol phase, the gas is also removed by deposition to the water surface. The dry deposition velocity of nitric acid to the sea surface is related to the atmospheric conditions and the sea surface characteristics
where R a is the aerodynamic resistance, R b is the resistance of the "quasi-laminar boundary layer" adjacent to the sea surface, and R s is the surface resistance. The resistances are calculated following Ganzeveld and Lelieveld [1995] . The description of the reaction between HNO 3 and sea salt in CAT accounts for gas-phase diffusion, interface mass transport, and the rapid aqueous-phase equilibrium between the gas-phase and the dissolved phase. At any relative humidity where particles can be considered dilute solutions, the mass transport can be calculated by assuming the rapid establishment of aqueous-phase equilibria, expressed by Henry's law [Schwartz, 1986; Dentener, 1993] . The dynamics of species in the gaseous phase can then be described by the following equations:
where p i is the partial pressure (atm) of the gas phase species i, w L is the aerosol water content (nondimensional), H i is the effective Henry's law coefficient (mol L Ϫ1 atm), and c i (aq) is the concentration of the species i in the water phase (mol L Ϫ1 ). The parameter k m is a transfer coefficient (s Ϫ1 ) given by
where D m is the diffusion coefficient of the species in the gas phase, v m is the average molecular speed, and ␣ is the accommodation coefficient [Schwartz, 1986] . The two terms on the right-hand side of the equations describe the gas phase transport and the interfacial mass transport, respectively. The coefficient k m approaches the correct values both in the continuum and in the kinetic regimes. The time variation of the aqueous phase concentration is given by
where R is the gas constant, equal to 0.08204 L atm K Ϫ1 mol Ϫ1 . Accounting for aqueous phase reactions would require an additional term in (21).
The particle pH is accounted for in the calculation of the effective Henry's law coefficient. When the particles become very acidic, the transfer of HNO 3 from the gas phase will stop. Only the equations for HNO 3 -NO 3 Ϫ dynamics have been implemented, and the droplet pH decreases as nitric acid condenses.
Results of the simulations, i.e., profiles for sea spray and HNO 3 for various fetches, are presented in Figure 9 . Initially, the sea spray concentration profile (Figure 9a) shows a large gradient from the surface level to the height of the surf plumes (30 m). After 2 km, the concentrations near the surface have significantly decreased, mainly due to diffusion into the upper layers. With increasing fetch the vertical gradients gradually decrease further, but even at 25 km some vertical variation is still visible in Figure 9a .
The nitric acid profile was initialized with a constant value of 200 ppt (0.5 g m
Ϫ3
) at the coastline. In the evolution of the gas concentration profile, compare with Figure 9b , the influence of the two competing processes, dry deposition of HNO 3 Figure 9 . Profiles of (a) sea spray particles and (b, c) nitric acid concentrations as function of the distance from the coast.
Calculations were made with CAT, using initial conditions in Figure 4 ; wind speed 8 m s
Ϫ1
. The nitric acid profiles in Figure 9b were calculated as described in the text, accounting for both dry deposition of HNO and uptake by sea spray aerosols, is evident. Gaseous deposition obviously only takes place in the lowest layer, and the profile is shaped by diffusion between the various layers and uptake by sea spray, which initially occurs only in the lowest layers. As the aerosols are dispersed in the vertical, the sea spray provides a distributed sink throughout the boundary layer. This is best illustrated with a simulation where the gaseous deposition was set to zero ( Figure 9c ). This figure shows that after 2 km the HNO 3 concentrations are significantly reduced near the surface. At higher levels the concentrations become lower as the fetch increases and the sea spray concentrations are more homogeneously distributed over the column.
Comparison with the data in Figure 9b , where both effects were taken into account, shows that the initial decrease of the HNO 3 concentrations in the lowest layer is mainly due to gaseous deposition, but in the layers above, sea spray becomes increasingly important. Overall, at a fetch of 2 km, about 40% of the HNO 3 removal in the lower 20 m is due to uptake by sea-salt particles. The comparison of Figures 9b and 9c also shows that at longer fetches the HNO 3 concentrations in the highest layers are mainly determined by the removal due to the uptake by sea spray. Further, in the lowest layer the dry deposition flux is limited by the amount of HNO 3 diffusing downward from higher layers, and thus the influence of deposition on the HNO 3 concentrations in the column is reduced with respect to the sea-salt effect. At the longest fetch of 25 km, about 80% of the reduction of the HNO 3 concentrations in the column is due to the effect of sea spray.
Discussion
CAT has been developed to evaluate processes in the coastal atmosphere involving aerosols. The simulations were made with continental aerosol, represented by ammonium sulphate, and sea spray, each with their own thermodynamic properties. Obviously, the chemical composition can be chosen according to data applying to a particular site, or based on emission inventories. However, for each compound the thermodynamic properties are different, and thus require proper formulation for inclusion in CAT.
The meteorological parameters used in the presented simulations are simplified. The purpose of the present study is to indicate the importance of various effects, rather than to provide an exact quantitative analysis for a given situation. The latter requires a sophisticated meteorological model describing the coastal meteorology including the values for the various micrometeorological parameters used in CAT at each time step. In addition, the evolution of the wind speed with increasing fetch, and thus the wave field, implies that the wave breaking characteristics are different from those in a well-developed wave field in balance with the wind. This will also have consequences for the sea spray source function. Model results by Geernaert and Astrup [2000] indicate that for neutral stratification the wind speed profile and drag coefficient are significantly affected by coastal influences only for fetches smaller than 10 km. Hence also the effect on the source function will be significant at such fetches, where, according to results presented above, the surf-produced aerosol dominates the sea spray concentrations. Thus the influence of the developing wave field on the sea spray concentrations at short fetches is not expected to significantly affect the results of CAT.
This conclusion is based on the dominance of the surfproduced sea spray aerosol, and the question arises whether the surf aerosol source used in CAT, derived from measurements on the California coast, also applies elsewhere. De Leeuw et al. [2000a] derived their source function from measurements at two different sites with significantly different surf widths. The results for both sites were similar. CAT results also compare favorably with LIDAR measurements in Duck (North Carolina) on the North Atlantic coast. These observations indicate the general applicability of CAT for oceanic coastal sites.
Insights in the differences between surf aerosol production along the shores of the open Pacific Ocean and along the shores of relatively enclosed seas such as the Baltic and the North Sea are available from De Leeuw et al. [2000a Leeuw et al. [ , 2000b and De Leeuw and Moerman [1999] . De Leeuw et al. [2000a] compared the EOPACE results with data obtained on the Polish coast of the Baltic from Petelski and Chomka [1996] , after accounting for differences in both measurements and data analysis, as well as factors such as swell and salinity. They concluded that at higher wind speeds the surf production at each location is quite similar. At very low wind speeds, large differences remain due to the absence of swell.
Also, results presented by De Leeuw and Moerman [1999] indicate the large contribution of surf-produced aerosols to the sea spray concentrations. Furthermore, LIDAR measurements along the North Sea coast clearly reveal the existence of surfproduced aerosol plumes in offshore winds and their transport over sea over distances of at least 5 km [De Leeuw et al., 2000b] .
No ideal data set is presently available that could be used for the validation of CAT, i.e., a data set containing vertical profiles of aerosol particle size distributions as a function of distance from the coast line. A comparison of CAT with available other types of experimental data yields good qualitative results. The particle size distributions calculated with CAT for long fetch compare favorably with data from two different experiments on the North Atlantic [Smith et al., 1993; O'Dowd et al., 1997] . The variation of the aerosol mass with wind speed is reasonably reproduced by CAT, as deduced from comparisons with data sets for the North Atlantic [Exton et al., 1986] and the North Sea [Marks, 1990] . The concentrations over the North Sea are lower (see Gong et al. [1997] for a discussion of the wind speed dependence observed at various locations). Finally, the evolution of the sea spray aerosol plume produced over the surf zone is well reproduced by CAT.
Having established that CAT reasonably predicts the spectral shape, the concentrations, and their wind speed dependence, as well as aerosol dispersion, the model was applied to several situations to assess the influence of surf-produced sea spray aerosol on processes in the MBL. First, the influence of surf production on the total concentrations of sea spray was investigated for fetches up to 25 km. The results depend on particle size. It is noted that secondary production, which often dominates the accumulation mode aerosol concentrations, is not included in CAT. O'Dowd et al. [1997, p. 75] note that "under clean marine conditions and moderate to high winds, the sea-salt aerosol could readily dominate the accumulation mode aerosol." This refers to a wind speed of 17 m s Ϫ1 , which is much higher than the maximum wind speed of 8 m s Ϫ1 considered in the present work.
The calculations apply for the highest wind speeds considered in this work, 8 m s Ϫ1 . For higher wind speeds the situation may be different, but unfortunately no data are available for the surf source function. This is a limitation, but it is noted that for many coastal regions a mean wind speed of 8 m s Ϫ1 is rather high. Hence, in modeling studies of coastal effects involving sea spray aerosol, the effect of production in the surf zone needs to be accounted for.
Similarly, the effect of surf-produced aerosol cannot be neglected for applications in which the aerosol composition is important. Results presented show that at a height of, e.g., 12 m, the sea spray size distribution varies with fetch and that this variation is wind speed dependent. Results in Table 2 show that the contributions of continental and sea spray aerosols to the total aerosol concentrations are size-dependent and in fact the fraction of continental aerosol in certain size ranges may initially increase, due to dilution of the sea spray fraction because of vertical diffusion, before the effect of removal causes a decrease of this fraction.
Finally, an example was presented of the effect of sea spray on flux profiles of nitric acid. In the absence of surf-produced aerosol, there would initially only be gaseous deposition at the sea surface, until enough sea spray would have been produced to have a significant effect. With the high concentrations of sea spray immediately available at the coast line, nitric acid is effectively removed also at very short fetches, thus providing a possible explanation for observed effects in coastal regions as regards aerosol composition [e.g., Schulz, 1996] . Estimates for the deposition of HNO 3 are usually based on measurements taken on the open ocean. Effects close to the coast line, where they may be largest in view of the vicinity of sources for gaseous species and the large sea spray surface area, were thus far not addressed [De Leeuw et al., 2001] . With a contribution of about 30%, atmospheric transport and dry deposition have been indicated as an important pathway for eutrophication of coastal seas [North Sea Task Force, 1993] . Therefore an accurate estimate of the deposition of nitrogen compounds such as HNO 3 is important for the evaluation of reduction strategies.
An important aspect of the surf-produced aerosol may be that even at very low wind speeds, where wave breaking and thus production of sea spray does not occur on the surface of the open ocean, the presence of swell still causes wave breaking at the coast line and thus surf production. Thus, even at very low wind speeds, sea spray aerosol is available that offers surface for heterogeneous reactions.
Conclusions
CAT was developed to study effects of surf-produced aerosols on processes in the coastal marine boundary layer, both over sea and over land. Here only studies were reported in offshore winds, where the surf-produced aerosol is advected over the sea. The surf can be an intensive source of sea spray aerosol. Such effects were either ignored, or avoided when measurements were made at coastal sites.
The present work shows clearly that surf-produced aerosol has a large influence on the sea spray concentrations in the coastal marine atmospheric boundary layer, and thus on the relative contributions of continental and marine aerosol, which in turn is important to assess effects on transmission of electromagnetic radiation and thus the performance of electrooptical systems and visibility. Furthermore, sea spray aerosol is produced in the surf zone in very high concentrations that immediately at the coast line are available for heterogeneous chemical reaction, and thus influences, e.g., atmospheric input of nitrogen in coastal waters.
Hence surf-produced aerosol cannot be ignored and needs to be accounted for both in modeling and in experimental work. A simple assessment of the particle size distribution at either side of the coastline is not sufficient. A transport model such as CAT could be used in the evaluation of processes in the coastal atmospheric boundary layer involving aerosols.
